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Nylon (Zytel 101) and Boltaron (6200). An error analysis of the apparent
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PURPGSE. AND SCOPE

The purpose of this investigal.on was to determine the maximum allow-
aple driving edge pressure of Nylon and Boltaron rotating bands.
! g

INTROLUCTION

Until recently almost all rotating bands were made from gilding metal,
and proved very satisfactory. During emergencies, however, this material
is in great demand for many purpcses, and therefore a substitute material
is desired. Plastics have been investigsted as a possible substitute
material,! and some appear promising. The properties of these new materials
must now be evaluated.

One of the properties of interest to the desrgner is the maximum
allowable driving edge pressure. This property .s a function of the mate-
rial, the geometry of the gun tube riflirg, and the conditions of lcading.
It is generally considered tc be that pressure which will cause no measur-
able displacement of the driving edge. This displacement may occur as a
result of wear or as a result of elastic or plastic deformation of the
band.

The maximum allowable drivin. edge pressure is often determined by a
firing test, In a test of this nature, all the factors influencing this
pressure are present. The projectiles are recovered, the driving edge
displacement measured and the dr.ving edee pressure 1s computed from
formulas. In the present test, a different procedure was employed. The
maximum driving edge pressure n this case was uetermined from static
tests., In this manner, the strain rate effect and the effects of wear
were eliminated, Tbese effects can be considered separately, and used to
modify the results of thi. . .estigation.

NOMENCLATURL

D - Average bore diameter
Dg - Gun tube groove diamete:
Dg - Gun tube land diameter
T - Elastic Modulus

F, - Axial force on push rod
{4 - Band length

N - Number of lands

P, - Radial band pressure

JCOEE, GUNTHER, 4 Survey of Plastics for fotating Bends (U/, Phe Framklin Institute Laboratories
for Research and Development, Contract DA-36-034-0KD-1C15-RD, ¥AL No. 780/+52-189(c/,
30 April 1954.



P, - Internal radial pressure

I, - Applied torque

Z - Ratio of axial distance to bore radius
- Driving edge displacement

- Gun tube tangontial strains

P - Angle of rifling with axis of gun tube
u -~ Coefficient of sliding friction
o

jo - Driviog edge pressure

TEST EQUIPMENT

The dismantled test setup is shown in Figure 1. It consists of a
standard 37mm gun tube section, modified as shown in Figure 2; a pusk rod,
shown in detail in Figure 3; a torque collar, shown in detail in Figure 4;
and an adjustable collar, shown ir Figure 5.

The gun tube section was modified for purposes of this investigation.
The rifling was removed for the first five inches to allow assembly of the
gun tube, torque collar, push rod, and rotating band. A new forcing cone
was machined at the end of this five-inch section. This was followed by
a 2.4-inch length of standard rifling shown i1n Figure 6. Beyond this
point, the rifling was removed to allow free passage of the bani for re-
moval at the muzzle end.

The torque collar shown in Figure 4 fitted over the push rod and into
the slotted breech end of the gun tune. The internal splines of the
torque collar engaged longitudinal grouoves in the push rod, while the ex-
ternal fins engaged slots in the gun tube. When the torque collar was
engaged, no relative rotation between the gun tube and push rod was pon-
sible at the torque collar. Opposing torques developed at the driving
edge and transmitted through the gon tube and push rod were thus cancelled
at the torque collar.

The adjustable collar (Figuie 5) was used to disengage the torque
collar at the end ef a test, and thus release the torgue on the band.

The push rod was grooved longitudinally to slide in the torque collar,
The diameter at one section of the push rod was reduced to accommodate
strain gages used to determine torque. The lower end of the push rod was
splined to prevent the band from turning on the push rod.

INSTRUMENTATION

SR-4 strain rosettes, Type AR-1, were mounted on the push rod as
shown in Figure 3 to determine torque. Strain rosettes, Type AX-5, were
mounted on the tube, as shown i1n Figure 2, to determine band pressure.

-4-




The shaft was 1nitially calibrated in a torque machine, and the resulting
calibration curve 1is shown in tigure 7. The torque gages were connected
in a four-arm bridge, as shown ic Figure 3, and were self-compensating for
axial and bending strains.

The strains were read on SR-4 strain indicators, which were calibrated
irn 10 micro-iuch increments,

TEST PROCEDURE

A band wcs mounted on the push rod and inserted into the breech end
of the gun tube. The push rod was rotated until the torque collar was
engaged. The torque collar was then raised, and the band was forced into
the rifling until engraving was complete. At this time, the torque collar
was lowered into the engaging position, and the torque reading strain in-
dicetor zevoed. The band was then pushed further into the tube until the
desired torque strain reading was developed. The torque collar was then
disengaged to remove the torque and the bhand was pushed through the tube.
The axial load and maximum tangential strasin were read simultaneously as
the band passed under the gages on the tube. The band was removed from
the tube at the muzzle end.

Fifteen Boltaron (6200) and fifteen Nylon (Zytel 101) bands were tested,
as described above. [n general, threc bands were tested at each of several
driving edge pressures. The results of these tests are listed in Tables I

and IJ.

GENERAL CONSTDERATIONS

Driving Edge Displacement

The groove of a rotaiing band 1s formed in the forcing cone of a gun
tube by the rifling which acts an a die. The band is plastically deformed
by the rifling and forced to conform to the rifling geometry during en-
gravement, A pressure, and consequently & strain, is develeped nn both
walls of the groove by this engraving action. The driving edge of the
band, which constitutes one of thece groove walls, Is further strained
after engraving is completed by the i1nertia forces accompanying the accel-
eration. As the driving edge is further strained by these 1nertia forces,
the opposite groove wall experiences a reduction in strain and consequently
recovers elastically. The geometry of the driving edge conforms to the
rifling geometry, ot least while the driving edge stress is inscreasing,
but on recovery, the opposite groove wall may not retain the fling
geometry. As the driving edge is unloaded after is has been ..rained
plastically or elastically, its geometry may also change,

The permanent change in groove width caused by driving edge pressure,
measured after the band has been unloaded, 1s generally considered to be
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driving edge aisplacement. The magnitude of this driving edge displace-
ment is therefore a measure of a change of dimension after the load
causing this change has been removed. An accurate measure of the driving
edge displacement would require the evaluation of the change in distance
between two points on the band - one point on the driving edge and the
other point on the opposite groove wali, both points easily identifiable
before and after loading. A measurement of this type is very difficult
to obtein and wes not attempted in this investigation,

In this 1nvestig~ntion, the term "Driving Edge Displacement™ will mean
the change in groove width due to terque, measured across the groove,
after removai of torque, between the puints where the groove walls
become tangent to the outer periphery of the band, as shown in Figure §.

The tangent point adjacent to the driving edge of a torqued band was
not clearly identifiable with the corresponding point in the untorqued
band in this investigation. Thus the measured driving edge displacements
in this investigation were not true driving edge displacements. Instead,
they merely represent observations of the movement at the tangency point
due to applied torque. However, this observation in itself is sufficient
to determine the pressure at which permanent deformation commences since
a change in the position of the tsngency point represents permanent
deformation,

The geometry of a band changes as it is unloaded ss mentioned previ-
ously. The band expands radially and circumferentially as the radial band
pressure is removed and the pand land expands circumferentially as the
driving edge pressure is removed. Because of these changes in geometry,
which can be large :1n materials of low modulus, the groove width of the
unloarded band may differ considerably from the mating gun land width., It
would be erronecus theuw to use the gun land width as the true undeformed
band groove width. Instead, in this ainvestigation the true undeformed
band groove width was determined by tests. A rotating band was engraved
and forced through the tube with no torque applied. The groove width of
this band was then considered to be the undeformed groove width., Ail sub-
sequent driving edge displacements were based on Lhis minimum groove width,

After testing, the bands were mounted on a snaft and the groove widths
measured by means of an optical comparator, as shown 1p Figure 9. The
draiving edge displacements were viewed from a positioan perpendicular te
the periphery of the band. A photomicrograph of a typical observed surface
magn: fred 20 times is shown in Figure 8,

The optycal comparator was graduated 1n 0.06imm. Mewsurement of the
distance bhetween two (learly 1dentifirable pornts was thus possible to an
accuracy of t 9.00003937 ryach, Measurements of groove width between two
refereacs poinrs owever, varied by as mech as + 0,005 1nch, This
indicat>d that the reference points were not interpreted 1dentically each
time. The groove width was measured between the two points, shown in VFig-
ure §  These points corresponded to the tangency points between the groove
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wall and the cuter periphery of tte pand. 5 photomicrograph of a groove
profile magnified 200 times 1s shown in Figure 10, It will be observed
that the edges ot the groove ars ~ounded. The rounding of these edges
initroduces some error into the measurement of groove width. When viewed
from above, as in Figure 8, the change in slope of the groove walls near
the point of tungency (Figuie 10) appears as a line of demarcation between
light and dark areas. The rate of change ot slope is thus seen to be the
deciding factor in determining the .ccuracy of measurement or the tangency
point. The limits of accuracy in measuring the tangency point are t 0.0015
inch. This would indicate that a significant change 1n slope must occur
in 0.0015 inch of the tangency point. A photcmicrograph of the groove
geometrv in the vicinity of the tangercy point {Figure 10) shows a detect-
abie change in slope in 0.0015 inch and explains the limits.

Evaluation of u

The spparent coefficient of friction, u, was required in order tco
compute the ectual driving edge stress. This apparent coefficient of
friction was deterrined experimentally for each band that had en applied
driving edge pressure. In each case, the torque was reduced to zcro and
the axial force and band pressure determined simultansously. The coeffi-
cient of friction was then determined from the equatior developed in
Appendix A.

Radial Band Pressurs Calculation

The radial band precsure was determined by the metaod outlined in
Reference 2 in which the ratio of outer su.face strain to the internal
pressure Ecg/P; is given as a function of the ratio of axial distance to
bore radius Z. The maximum value of this vatio was Eey/P; = 0.55. The
maximum outer surfacc strain was determined when the band was under the
gage mounted on the tube. With the value of €, and the ratio Ee,/P;
known, the internal pressure, i.e., radial band pressure, Py could be cal-
culated directlyv.

Uriving Edge Pressure

The driving edge pressure, o,,, can be expressed as a function of the
applied torque, Ta, the radial! band pressurz, P}, the appurent coefficient
of friction, u, and certain geometric parameters, by solving the torgue
equilibrium equation of the free body diagram shown in Figure il. This
functional relationship is expressed below:

. . ) . 9 .
oo ® 8Ta + 7 Py, { (Dg +U§l“‘31n o

AN gogQ - ogz)u - u tan @)

QRIDKOVSK[, P. P., BLURN, J. I., and BOWIE®, 0. L., Elitors, Thick-Nalled Cyiinder Handbook -
Stresses and Strawns in Flastic, Thick-kalled, Circular Cylindors Resulting from Axially
Synmetric Loadings, Watertoun Arsenal Laboratory, Wil No. 8937172, ! December 1854,




The torque corresponding to the measured torque strain reading was read
from the calibration curve of Figure 7. This value of torque and the

velue of radial band pressure, P , plus the appa.ent coefficient of fric-
tion, u, determined as described previously, along with the known geometric
parameters, were substituted into the above equation to determine the
driving edge pressure, J4e- The error in driving edge pressure as deter-
mined in Appendix B 1s negligible. Values of driving edge stress, oy,,

and the corresponding values of driving edge displacement, &§,., are tabu-
lated in Tables [ and [I, and plotted in Figures 12 and 17,

Determination of the Maximum Alleowable Driving Edge Pressure

The driving edge pressure, o9, was plotted as a function of the
ariving edge displacement, 04, (Figures 12 and 13). These curves were then
extrapolated to zero driving edge displacement, and the corresponding pres-
sure read from the curve. This pressure was then considered to be the max-
imum allowable driving edge pressure. For Nylon (Zytel 101) the maximum allow-
able pressure was 20,000 psi, while for Bolcaron (6200) this pressure was
16,750 psi. The limits of accuracy of the maximu. ~)lowable driving edge
pressure are shown by the dotted lines in Figures 12 .2d 13. These limits
were determired by the error in measuring the driving edge displacement,
3de- The limits for Nylon are # 6,000 psi and for Bolteron, these limits
are + 4,250 psi. ~

DISCUSSTON OF BESULTS

1. The results indicate that the maximum allowable driving cdge pres-
sure under static loading conditions 1s 20,000 psi for Nylon (Zytel 101)
and 16,750 psi for Boltaron (6200). These values may increase under dy-
namic loading conditions.

2. An approximate solution for the elastic displacement of vhe driving
edge, Appendix C, indicates that for materials of low modulus, large
elastic displacements are likely to occur.

3. The approximate solution of the elastic Jdr’ -ing edge displacements
(Appendix C) further indicates that the measurement of permanent driving edge
displacement after the load has been removed, as is often done in a firing
test, may not be sufficient to assure good obturation for materials at low
modulus. For these materials the total driving edge displacement while
under load should be determined. The method described in this report,
with certain modifications, could be adopted to measure the total displace-
ment,




TABLE i
SYLON (ZYTEL 101) TEST RESULTS

Rand
Force to et g e
Overcome Applied I“;b"‘e o 5
Band Friction Torque b de de
No. (1h) tic =)} ps1 # psi (in.)
31 09 00 ~. 0006
32 0¢ 00 +. 0006
S 00 00 +. 0004
19 860 1771 7636 .049 20, 865 +.0009
20 350 1771 7908 . 051 20,808 +.0011
21 360 1771 8726 . 045 20,787 +. 0912
5 1050 2214 7854 . 058 26, 071 +, 0015
T a6 0 2166 1417 . 056 256,280 +, 0047
11 690 2214 1363 . 041 25,708 +. 0021
6 800 2666 6927 . 050 30, 928 + 0043
14 770 2669 7908 . 04c 30,894 +, 0050
10 780 3318 8181 . 041 36, 028 +. 0077
15 360 3118 8181 . 051 36,225 +, 0065
9 R00 33178 8181 . 043 39, 043 +. 0085
16 9690 3378 79C8 . 053 39,219 +, 0988
TABLE 11
BOLTARON (6200) BAND TEST RESULTS
Rind
Force to -
Overcome Applied Pressure o 5
Band Friction Torque v de de
No {1b} {in =1b) PS1 u ps i (in.)
1 780 0 4909 . 069 0 -. 0008
2 780 0 4264 . 0RO 0 + 0008
8 780 0 4354 . 0R3 0 - 0007
4 1075 1771 65464 . 086 21,121 +. 0014
[ 10890 1771 4363 .108 21,176 +. 0036
[J 1165 1771 4909 . 108 21, 251 +. 0032
7 1010 2214 4909 . 089 26,1117 +. 0049
8 11456 2214 4909 .10 26,289 +. 0077
9 780 2214 4909 . 069 25, 861 +, 0061
10 876 2686 5181 . 073 31,332 + 0089
11 876 2685 5454 L0706 §t, 081 +. 0100
12 1060 2685 5999 L0711 31,244 + 0073
13 1300 3119 5454 104 6,768 + 0121
34 1060 3119 4909 . 093 36,171 +, 01388
15 8056 3119 4909 . 071 36,210 +. 0172
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APPENDIX A
DETERMINATION OF COEFFICIENT OF FRICTION

The coefficient of friction, p, acting over the periphery of a
rotating band can be expressed as a function of the radial band pressure,

when the applied torque is zero. This is

Py, and the axial force, F,,
The equations

accomplished by solving the equations of equilibrium for pu.
for equilibrium of forces and torques can be developed from a considera-

tion of Figure 11}.

ZFZ=0

D, - D, +
F, =0de£N(—5—EEji)(tan¢+p) ¢ u Py mﬁ(32n’£> cos ¢ . (1)

ZTZ=0

T, = 04e IN (Dg;l){) <93 ;i%) (1 - & tan ¢)

N (Dg ;Df)(ng ;Df) sin ¢ . (2)

_ M Py, w(gg-+D£) sing
%de N(Dg Dy (1 - tan 2 (2a)

Substituting Equation 2a into Equation 1,

LA Py 7 (Dg +Dg)4 sin @ tan ¢ + u sin ¢
a - 9 cos ¢ + 1 -up tan (3)

since ¢ = 6°

sin ¢ tan << cos ¢

& sin ¢ tan ¢ can be discarded.

-11-
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2F, cos ¢ -~ psin P + g sin @
P 7 (D, +Dyp) 4 Tk 1 - 4 tan 9 ’ (4)
b g *LYI v I

The right-hand side of Equation 4 can be expanded :s an infinite
series in tan P and ux as follows:

2k, , 2 2443 cand 4
= - ot <t D+t Dt L..)
5 (Dg+D,g)é ucos Pp(l +p tan g+ u® tan®yg an® p+ ) (5)
tan @ = tan 6° = 1651 = 1/9.5
cos ¢ = cos 6° = ,9945 T ]
2 3
. 2. =,;/1+-_“__+ = (6)
P, 7 (D +D )4 \ 5.5 (8.5)° (9.5)

The sbove series in u converges for values of u < 9.3. That u must
be less than 9.5 can be seen by considering the left side of the equation,
If the left side is finite, as it is in this case, the series must con-
verge, For the case where the series converges, a good approximation of
i can be obtained by considering only a finite number of terms in the ex-
pansion. It can also be observed that when the higher order terms are
negiected, the resulting value of p is higher than the true value., There-
fore, 1f we neglect ail but the first term as an initial approximation,
the resulting value of u will be higher than the true value. If this
resulting value of p is substituted back into Equation 6, the error in-
volved by neglecting the higher order terms can be estimated.

-19.




APPENDIX B
ERROR ANALYSTS OF DRIVING EDGE PRESSURE

The driving edge pressure, 0,,, can be expressed as a function of the
applied torque, T,, the radial band pressure, Py, the coefficient of fric-
tion, u, and certain geometric parameters by solving the torgune equilibrium
equation of the free »ody diagram shown in Figure 11, This functional
relationship is expressed below:

8T, +pP,74d (Dg +D,g)2 sin ¢

(1)
LN (D2 -Dg2)(1 - u tan §)

The magnitude of the te:rms, Ty, P}, and p appearing 1n Equation 1 are sub-
ject to certain inaccuracies. The cumulative effect of these inaccuracies
on the magnitude of the oy, will constitute an incremental error, dogy,.
This incremental error, do,,, can be expressed as a percent of oy, by
multiplying the ratio, doy /o4.. by 100

d
percent error = 7de 4 100. (2)
%de

The incremental error, do,., can be deicrmined by differentiation.

Gae?

4 30y doy
dog, = =98 g e gp e g
Tde T FT Ta * 3P, P ¢ = (3)
de 8
h g—: 4
mhere 3T, AN (0,7 - D) (L -4 tan ¢) (4)
RSN uwon (DK + D{)2 sin ¢
) (5)

OPy (% -Dg?) (1 - tan ¢)

-13-
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(8Ta +pm Py, £ (D, +Dp)? 5in ) tan ¢
2L - 1 tan )

.~
C
~

7 Py (D 2 + Dg?)sin s

; The above equations will be solved for a particular band, Boltaron Band
: No. 4 of this investigation.

Cly 8 1
—_d_g_z —— T 11‘43 7
3T, .701 in.3 (0
eo4. 0.245
- = 175 8
BPb 1.4903 (8)
3 doq. )
Zde 13,375 psi (9)
du
where 4 = 0.5 inch
N = 12
Dg = 1.497 inch
D,{; = 1.457 inch
p = 60
Ta = 1771 + 19.3 in -1b
Py = 5454 + 272.7 psi
uw = 0,085 + G.01.
BO'd aod a(Td
d = L& g —2Z¢€ 4 —4¢€ 4 10
Tde 3T, Ta * 3P, Py + S 3 (10)
doy, = 11,43 x 19.3 + .175 x 272.7 + 13,375 x .01
= 221 + 47,7 + 133.8 = 402.5 psi
d 402.5
% Error = 100X —de . > X100 = 1.9%.

O’de 21,127

“14-
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APPENDIX C
DRIVING EDGE DISPLACEMENT

The total driving edge displacement of a rotating band, excluding
that due to wear, consists of an elastic or recoverable displacement plus
a plastic or permanent displacement. The clastic displacement for mate-
rials of high modulus, such as copper or iron, is generally small and can
be disregarded without introducing any sigrificant error in the total
displacement. Thus, for example in a firing test, the measured displace-
ment of the driving edge of the recovered bands does not include the
elastic displacements which were recovered when the band left the tube,

The elastic displacement of the driving edge for materials of low
modulus, such as plastics, may be quite large and should be considered in
the total displacement. The total driving edge displacement can be ex-
pressed as a function of the normal stress, o, on planes parallel to the
driving edge; the yield stress of the material, o,; the elastic and plastic
modulus, E and E’; and a length parameter for a band lvaded as shown in

Figure 14,
ds
T (1)
o
61 =-—‘)£- X > Xl (2)
o, o, ~ O
€2=_§__+_____xE’e X> X (3)
X1 X9
8 =] egdX + [ epdX . (4)
0 Xy

Substitution of Equations 2 and 3 into Equation 4 yielde:

X - X9
3=fl(i'—e—+f-"—-,fﬁ) ax + [ Zx g (5)
. E E X; E

-15-




where & driving edge displacement

o, = normal stress on plane parullel te driving edge

0. = yield stress of material

£ = modulus of elasticity

E’ = modulus of,plasticity

Xy = distance from driving edge over which normal stress

exceeds yield stress

X2 = width of land.

When the maximum normal stress, Ty , does not exceed the yield stress,
m
0o, the first two integrals on the right side of Equation 5 are zero and

the total displacement is elastic.

Xg
§ = j; gg-dx where o, <o, . (6)

For identicel loading conditions (Figure 14}, the stress distribution
would be the same for all materials, provided the yield stress of the mate-
rial 1s not exceeded. In that event, the elastic driving edge displace-
ment, &, wonld vary inversely as the elastic modulus E. The elastic driving
edge displacement of one material can then be expressed as a function of
the elastic driving edge displacement of a second material.

5 E
El. = 2, (7
2 Ej

To illustrate the significance of this fact, the elastiu driving edge dis-
placement of nylon will be expressed as a function of the elastic driving
edge displacement of copper:

E, = modulus of copper = 16,000,000 psi

E. = modulus of nylon = 230,000 psi

n

Then, Shylon = 70 & copper.

Thus, if the elastic driving edge displacement of copper were oI the
order of 0.0001 inch, the corresponding elastic driving edge displacement
for nylon would be of the order of 0,007 inch,

-16-
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